The effects of low-vacuum helium cold plasma treatment on the seed germination, plant growth and yield of oilseed rape (Brassica napus L. cv. Zhongshuang 9) were investigated. Seeds were exposed to low-vacuum helium cold plasma ranging from 0-120 W for 15 s. Cold plasma increased the germination, plant growth and yield of oilseed rape, and the treatment of 100 W provided the best result. The germination rate, germination and vigor indices, and uniformity of emergence were improved by cold plasma treatment. Cold plasma raised the relative conductivity and water uptake, and reduced the apparent contact angle. The characteristics of plant growth, including plant height, stem diameter, dry weights of shoot and root at the seedling, bolting and flowering stages were increased by the cold plasma treatment. Yield components, including pod numbers per plant and 1000 seed weights were increased by the cold plasma treatment. Furthermore, the yield per plant increased by 28.20%. These results suggest that cold plasma treatment has the potential to improve the yield of oilseed rape through the enhancement of permeability, wettability and capacity of water uptake of the seeds, seed germination and plant growth.
Introduction
Oilseed rape (Brassica napus L.) is one of the most important oilseed crops cultivated worldwide mainly for edible oil and renewable fuel. The worldwide rapeseed production had reached 49 million metric tons in 2009 [1] . China accounts for about 1/3 of the world's oilseed rape production, but is unable to meet the rapidly increasing consumption demand [1] . Since the amount of cultivated land is hard to increase, the only way to solve the oilseed rape shortage is to improve the crop yield. The germination, growth and yield are largely determined by the properties of the seeds [2] . The major reasons for the low germination of oilseed rape seeds are often related to the microbial contamination, stress conditions, and thick and impermeable testis [3] . The traditional methods used to promote seed germination and crop yield are: (1) fertilization and plant growth regulators [4, 5] ; (2) magnetic field, ultraviolet and light [6, 7] . However, those methods have associated limitations, such as environmental and economic problems. Therefore, it is necessary to find simple and economic methods to promote the seed germination, growth and yield of oilseed rape.
Cold plasma technology is considered a safe and effective physical method to stimulate seed germination, plant growth and yield [8] [9] [10] [11] . Many studies found that plasma significantly killed germs on the seed surface [12] [13] [14] , increased wettability, the water absorbing capacity of the seed [10] , and improved seed germination [15, 16] . Several reports showed that plasma induced an increase in seed reserve utilization and α-amylase activity during germination [17, 18] . Plasma also increased the photosynthetic pigment content [19] , photosynthetic capacity [20] , and the activity of superoxidase, peroxidase and polyphenoloxidase [21, 22] . Consequently, plasma contributes to the improvement of plant development and crop yield [8, 9] .
However, little research has been conducted to study the role of cold plasma treatment on the seed germination, plant growth and yield of oilseed rape. Thus, the objectives of this study were: (1) to investigate the influences of cold plasma treatment on the germination, plant growth and yield of oilseed rape; (2) to explore the basic mechanisms of how cold plasma affects seed germination, plant growth and yield.
Materials and methods

Exposure of oilseed rape seed to plasma
Experiments were carried out using a radio frequency discharge device described in our previous study [18] . Healthy and uniform oilseed rape seeds (Brassica napus L. cv. Zhongshuang 9) were selected and exposed to the device, and a vacuum system provided a pressure of 150 Pa. The plasma frequency was 13.56 MHz and the volume of the discharge chamber was 4320 cm 2 (120 cm in length, 18 cm in width and 2 cm in height), treatment power was 60, 80, 100 and 120 W, and the treatment time was 15 s. Control seeds were exposed to the same vacuum and helium flux as the cold plasmatreated seeds, but did not receive the cold plasma treatment. Experiments were carried out about 24 h after the seeds were treated with the cold plasma.
Germination tests
Three of the 100 seeds, including the control, were placed in a 110 mm petri dish on two layers of filter paper. The petri dishes were placed in an incubator at 25±1°C under cool white fluorescent light (30 μmol m −2 s −1 ) with a 16 h light/ 8 h dark photoperiod. The germinated seeds (judged by the appearance of a visible 1 mm radicle) were counted daily until their number stopped increasing. The germination rate, germination and vigor indices were determined on the 7th day, following the method described by Li et al [18] . The lengths of the shoots and roots were measured on the 7th day, and the seedlings were divided into shoots and roots for dry weight measurements. The ratio of cumulative germination was calculated according to Šerá et al [23] and the Richards' function was calculated as in Hara [24] .
Apparent contact angle, relative conductivity and water uptake
The apparent contact angle was measured using a Kino goniometer (model SL200B), while the relative conductivity and water uptake were determined according to Turk and Tawaha [25] .
Greenhouse experiment
The control seeds with 60, 80, 100 and 120 W cold plasma treatment were sown in polyethylene plastic pots (25 . Each pot was applied with 0.70 g of urea, 1.95 g of superphosphate, 0.39 g of potassium chloride and 0.030 g of borax at the beginning of the experiment. Six seeds were sown per pot on 15 October 2015, and were thinned to one plant per pot at the second leaf stage. The plants were grown in a greenhouse under natural light. The experiment was planned as a completely randomized design with three replications. We removed the whole plant from the pot to measure the plant height, stem diameter and dry weight at the seedling stage (15 November 2015), bolting stage (15 February 2016) and flowering stage (15 March 2016), respectively. The plants were separated into shoots and roots and oven-dried at 80°C until constant dry weights were achieved to determine the dry weights of the shoot and root. At the maturity stage (20 May 2016), the plants were removed to measure the seed yield and its components for each treatment. The yield components consisted of the branch numbers, pod numbers, and seed numbers per plant and 1000 seed weights. Three pots of each treatment were sampled for each time.
Statistical analysis
All the data are presented as the mean±standard error (SE) of the three replicates. The SPSS statistical software package (Version 16.0) was used to perform the statistical analyses and the variance (P<0.05) of the data was analyzed using a one-way ANOVA test (Duncan's test).
Results
Seed germination
The 80 and 100 W treatments significantly improved the seed germination of the oilseed rape, but the 60 or 120 W treatment had no significant effect on it (figure 1). The maximum germination rate, germination and vigor indices occurred using the 100 W treatment. The germination rate, germination index and vigor index from the 100 W-treated seeds increased by 8.71%, 9.52% and 21.86%, compared to the control. The germination data followed the Richards' function well (figure 2). The value of dispersion in the 100 W treatment was higher than for the control, which indicated that the uniformity of seed emergence had improved (table 1). The skewness values in all cold plasma treatments were lower than for the control. None of the cold plasma treatments had any significant effect on the viability or median germination time.
Terminal bud growth
Cold plasma treatments markedly improved the dry weight of oilseed rape terminal buds, except for the 120 W treatment ( figure 3) . Compared with the control, the 60 W, 80 W and 100 W treatments increased the dry weight by 6.53%, 9.80% and 13.88% for shoots, and 6.38%, 10.64% and 15.84% for roots. The 80 and 100 W treatments increased the length by 9.31% and 10.53% for shoots and 5.28% and 12.86% for roots, while no significant differences were found between the 60 or 120 W treatment and the control.
Apparent contact angle, relative conductivity and water uptake
The 80, 100 and 120 W treatments reduced the apparent contact angle by 23.31%, 32.91% and 41.57%, respectively, in comparison with the control ( figure 4) . The relative conductivity of the 80, 100 and 120 W treatments were 21.17%, 32.75% and 36.67% higher than those of the control. Both the lowest apparent contact angle and highest relative conductivity occurred using the 120 W treatment. In the first 4 h, the seed water uptake rapidly increased, and the 60, 80 and 100 W treatments significantly increased the water uptake (figure 4). The water uptake continued to rise towards its peak at 16 h and then began to decline. The 100 W treatment produced the highest water uptake, which obviously increased the water uptake by 19.23% at 16 h, compared to the control.
Plant growth
The 100 W treatment significantly increased the plant height by 17.89%, 10.67% and 10.16% at the seedling, bolting and flowering stages, respectively, compared to the control, and there was no dramatic difference between 60, 80 or 120 W and the control (figure 5). The stem diameters from the 80 and 100 W-treated plants were 7.51% and 12.98% higher than the control at the seedling stage, 7.01% and 8.96% at the bolting stage, while no significant differences were found between the 60 or 120 W and the control. No significant differences were found in the stem diameter between the control and cold plasma-treated plants at the flowering stage. Compared with the control, the 80 and 100 W treatments markedly increased the shoot dry weight by 6.78% and 11.14% at the seedling stage, and the 100 W treatment significantly raised the shoot dry weight by 11.70% and 8.70% at the bolting and flowering stages. The root dry weight from the 100 W-treated plants was 12.68%, 8.26% and 9.06% higher than the control at the seedling, bolting and flowering stages. 
Yield and yield components
The yield components such as pod numbers per plant and 1000 seed weights after 100 W treatment were increased by 13.80% and 8.22%, respectively, compared to the control (table 2) . The yield per plant of 100 W-treated plants averaged 22 .50 g, which represented a 28.20% improvement compared with the control. Cold plasma treatment had no dramatic influence on the branch numbers and seed numbers per plant.
Discussion
The present study showed that low-vacuum helium cold plasma treatment enhanced the seed germination, plant growth and yield of oilseed rape. In addition, the 100 W treatment had the best stimulatory effect, while cold plasma with lower or higher energy levels had no obvious effect on the seed germination, plant growth and yield. In this study, the cold plasma treatment obviously improved the The values are means of the three replicates'±SE. Different lowercase letters in the same column represent significant differences at P<0.05 level among all treatments according to Duncan's test.
germination rate, germination and vigor indices (figure 1), the uniformity of seed emergency, as well as the dry weight and length of both the shoots and roots of oilseed rape terminal buds (table 1 and figure 3) . These results were consistent with the results of some previous studies about the influence of plasma on seed germination and terminal bud growth [16, 17, 19] . Park et al [16] found that an atmospheric pressure surface dielectric barrier discharge plasma treatment significantly increased the seed germination number and terminal bud length of barley. Ji et al [19] suggested that the influence of a short high-voltage nanosecond pulsed plasma treatment on the spinach seed germination rate and seedling growth were more effective than a long high-voltage nanosecond pulsed plasma treatment. Sivachandiran and Khacef [26] found that a short time exposure of radish, tomatoes and pepper seeds to plasma improved the seed germination and seedling growth, while longer exposure of seeds to plasma inhibited seed germination and seedling growth. The germination data followed the Richards' function well, and the uniformity of seed emergence was improved by cold plasma treatment ( figure 2 and table 1 ). The result was in agreement with Li et al [8, 18] , who found that the uniformity of soybean and peanut seeds were improved by cold plasma. The mechanisms responsible for the improvement of seed germination by cold plasma are not yet clear. The early stage of water uptake into seeds is the crucial period for seed germination. Previous studies have indicated that a plasmainduced improvement in seed germination was related to the water uptake of seeds [27, 28] . In this study, cold plasma treatment markedly increased the water uptake of oilseed rape seed (figure 4). This result was consistent with Li et al [18] , who found that cold plasma treatment obviously improved the water uptake of soybean seeds. The combined interaction between the cold plasma-treated seeds and the plasma-activated water uptake is unclear, while it can be suggested that the immersion of seeds into cold plasma is exposure to reaction with electrons, ion oxygen radicals and UV light, which could increase the hydrophilic ability and wettability of seeds [10, 26] .
In this study, the cold plasma treatment considerably reduced the apparent contact angle of oilseed rape seeds (figure 4). Surface modification in cold plasma-treated seeds could improve the transmission of oxygen or water through the seed coat and improve the wettability of seeds, and ultimately stimulate seed germination and plant growth [6] . The permeability of the seeds can be represented by the relative conductivity. This study showed that the cold plasma treatment markedly raised the relative conductivity of oilseed rape seed (figure 4), which suggested that the cold plasma treatment positively increased the permeability of the seeds. Since the wettability and permeability of seeds were promoted by cold plasma treatment, the capacity of the seeds to absorb water and nutrition was relatively promoted, leading to a higher germination rate and better growth.
Some studies have indicated that plasma treatment improved plant growth [19, 21, 29] . Ji et al [19] stated that high-voltage nanosecond pulsed plasma and micro dielectric barrier discharge plasma significantly improved the growth development of spinach. Meng et al [15] found that the nonthermal discharge plasma treatment improved the shoot and root length of wheat. Consistent with these reports, the present study revealed that cold plasma improved the plant height, stem diameter, shoot dry weight and root dry weight at the seedling, bolting and flowering stages (figure 5), and the best effect of cold plasma on the plant growth and development was obtained in the 100 W treatment. The increase in root growth after cold plasma treatment may lead to an increase in water and nutrition from the soil, leading to strong growth and higher yield. In this study, the oilseed rape yield was increased by cold plasma treatment (table 2). The pod numbers per plant and 1000 seed weights increased, which were responsible for the effects of the cold plasma treatment on the yield. Similar results have been reported for peanuts [8] , wheat [9] and tomatoes [11] .
Conclusions
It was established that the cold plasma treatment stimulated the seed germination, plant growth and yield in oilseed rape. These beneficial results effected by cold plasma treatment might due to the improvement in the wettability, permeability and water uptake of the seeds. Thus, cold plasma treatment can be used to boost oilseed rape growth and production. However, further research is needed to understand the detailed interaction mechanism between cold plasma and oilseed rape seed.
